Weanling gilts were fed either a 12% or 16% protein diet for 10 weeks. Animals fed the 12% protein diet had reduced body weights and reduced longitudinal bone growth as measured in the distal radial growth plate. There was no difference in the growth plate widths between the two animal groups, but there was a significant reduction in the daily rate of cell production in the proliferative zone of animals fed the 12% protein diet. No effect of diet on the rate of expansion of the epiphysis at the articular-epiphyseal junction of the distal femur or humerus could be detected. All animals in both groups had morphologic cartilage lesions consistent with early changes associated with osteochondrosis (OCD), and there was no difference in the lesion morphology between the dietary groups. Areas of disorderly endochondral ossification in the radial growth plate were associated with perpendicular growth cartilage infractions. Growth plate lesions were characterized by increased widths of the maturing cartilage zone without increased width of the proliferative zone or an increase in the daily rate of cell production. Focal growth plate lesions developed because of a transitory inhibition of cartilage mineralization and resorption. Disorderly foci of endochondral ossification beneath articular cartilage were characterized by an area of chondrocyte necrosis which prevented normal cartilage matrix mineralization. Lamellae of cartilage necrosis were also present within the reserve zone of the articular cartilage. These were associated with abnormalities of the cartilage canal vessels, and chondrocyte necrosis was considered to precede degenerative changes in articular cartilage matrix. Since similar changes were rarely seen in the distal metacarpal (tarsal) bones of the dew claws, endogenous trauma was considered an important factor in lesion pathogenesis. The possibility that a basic cartilage matrix abnormality might represent the primary cause of OCD is discussed.
Osteochondrosis (OCD) of swine is a major disease of veterinary importance because of the high prevalence and lost productivity of breeding animals. The pathogenesis, and to determine the effects of reduced growth on disease development. spontaneous disease in swine can serve as a useful model for studying pathogenesis and cause of early lesions that lead to osteochondritis dissecans in man and other animals. Theories on the etiology of OCD can be classified into four main categories: ischemic, exogenous trauma, endogenous trauma, and constitutional.I1 OCD is more likely to occur in the healthiest, fastest growing animal, and a reduction in nutrient intake has been suggested as a mechanism to prevent the occurrence of the condition. Studies in swine indicated an association between the incidence of OCD and caloric intake and the prevalence and severity of the disease related directly to rapidity of g r 0~t h . I~ In dogs, the disease occurs most frequently in the larger breeds that have rapid longitudinal bone Other studies have indicated an association between diet and the prevalence of OCD14,21 while some have not shown a positive correlation. 12 Studies were conducted in swine from a herd with a high prevalence of osteochondrosis. Objectives were to characterize early OCD lesions, to investigate lesion
Materials and Methods
At weaning, four littermate gilts were obtained from each of three sows (Hi-Lean Pork Farm, Jacksonville, FL) at separate time periods. Pigs from each litter were randomly divided, two pigs per group, and fed either a 12% or 16% soyprotein diet (Table 1) for 10 weeks. Animals were given intravenous injections per kg body weight of 20 mg tetracycline (Achromycin, American Cyanamid Co., Pearl River, NY) after week 6, 90 mg xylenol orange after week 8, and 30 mg of calcein (Sigma Chemical Co., St. Louis, MO) after weeks 10 and 11. Necropsies were done 2 days after final injection.
Bone slabs (0.5 cm thick) of the left proximal humerus, distal humerus, distal radius-ulna, and distal femur were cut with a band saw. All slabs were photographed and radiographed. A slab from the medial condyle of the left humerus was obtained by making a sagittal saw cut through the apex of the articular cartilage contour and another cut 0.5 cm medially. A slab from the medial femoral condyle was obtained by making a sagittal saw cut through the edge of the medial trochlear ridge and another cut 0.5 cm laterally. Portions of slabs from the medial condyle of the left humerus 109 and femur were selected as uniformly as possibly by outlining comparable areas on radiographs. A sagittal slab of the left distal radius was also selected where the saw cut went through the facet of the radial carpal bone. These selected specimens were fixed in 80% ethanol, dehydrated, and embedded in methyl methacrylate.20 In some instances, adjacent articular cartilage specimens were placed in Trump's fixative and embedded in epon-araldite after EDTA decalcification.6 All other bone slabs and dew claws from all four limbs were fixed in neutral 10% phosphate buffered formalin, decalcified and embedded in paraffin.
Sections of undecalcified bone from the femur and humerus were obtained with a motorized microtome. Sections were examined unstained or after staining with toluidine blue, von Kossa, or alcian blue (0.4 M MgC1,).I8 Sections of the undecalcified distal radius were obtained with a precision bone saw. Sections were hand ground to 100 pm and micro-radiographs made. After mounting sections on plastic slides with cyanoacrylic glue, they were ground further to 40 pm. Ground sections were examined unstained or after staining with toluidine blue.
In one instance cartilage slices from a suspected area of osteochondrosis (OCD) were incubated in 12 ml sterile RPMI (Grand Island Biological Co., Grand Island, NY), containing 1 .O Ci/ml 3H-thymidine (specific activity, 50 Ci/mM), for 1 hour in a 37 C water bath with intermittent shaking. After incubation, cartilage slices were fixed in formalin and decalcified. Autoradiographs of hematoxylin and eosin-stained paraffin sections were prepared.
Longitudinal bone growth, width of growth plate cartilage zones, and degenerative cell size were q~antitated.~.'~ Measurements were made directly from the microscopic image using a camera lucida drawing tube, digitizing pad, and a microcomputer software program (SCOPEo, 1986, J. Carroll Woodard Computer Science Division, College of Medicine, University of Florida, Gainesville, FL). Longitudinal bone growth of the distal radius was measured using the width between the two calcein labels deposited in the metaphysis or using the width between the growth plate-metaphyseal junction and the final calcein label. The longitudinal bone growth at the articular cartilage-epiphysis interface was measured using the width between the osteochondral junction and the final calcein label deposited in the trabecular bone beneath articular cartilage. For convenience, articular cartilage was divided into two zones by drawing an imaginary line through the surface edge of the proliferative cartilage zone which was identified as the region where chondrocytes began to form clones. The width of the two zones was measured as the perpendicular distance from the articular cartilage surface or the osteochondral junction to the imaginary line. Longitudinal bone growth and cartilage zone widths were determined as a mean by measuring distances in nonlesion areas in each microscopic field across the entire face of two sections from each bone site. Values from individual lesions were determined separately and compared to an adjacent area of normal cartilage. The daily rate of cartilage cell production in growth cartilage was calculated by dividing the degenerative cell size (longitudinal cell length plus intervening matrix in pm) by the rate of longitudinal growth (pm/ day)." The age of lesions characterized by disorderly endochondral ossification was calculated by dividing the lesion width by the longitudinal bone growth determined in an adjacent, morphologically normal growth area.
Distal radial growth plate and femoral or humeral articular cartilage parameters from each pig were evaluated by analysis of variance for possible differences due to dietary protein levels or for interactions between protein and litter or between animal and protein and litter. Individual observations from the distal radial growth plate were used to analyze differences between lesion and adjacent nonlesion areas. Interactions between lesion and dietary protein and litter were evaluated, but the dietary protein by litter interactions could not be estimated.
Lesions of delayed endochondral ossification in the distal radius growth plate were recorded as being present (+) or absent (-). Lesions in articular cartilage of distal femur and humerus medial condyles were graded as follows: 0 = no 8 Measured between the two calcein labels.
11 Significant difference due to diet (P < 0.006).
in design, error is same for 12% and 16% protein. 
Results
Animals fed the 12% protein diet had a significant reduction in the longitudinal bone growth rate of the distal radius as compared to animals fed the 16% protein diet ( Table 2 ). The calculated values for daily rates of cell production were also significantly reduced. No significant effects of diet were observed on the growth plate width, reserve cartilage width, columnar cartilage width, proliferating cartilage width, mature cartilage width, or the degenerating cell size. Significant main effects due to litters (time) and interaction effect of diet x litter or animal x diet x litter were not seen.
Many of the animals had lesions of disorderly endochondral ossification ( Table 3) , a lesion considered typical of osteochondrosis in swine. Such areas of abnormal endochondral ossification were of two distinct morphologic types depending upon whether they were located adjacent to articular cartilage or located in the metaphysis adjacent to the growth plate. In the distal radial growth plate and in growth plates of other bones as well, triangular, wedge-shaped areas of hypertrophic cartilage extended into the metaphysis. In the distal radius, these were small and were frequently associated with a cartilage infraction that ran perpendicular to the direction of the growth plate. Microradiographs demonstrated that the major portion of the cartilage wedge was unmineralized ( Fig. 1 ). When the widths of dif- ferent cartilage zones within lesions were compared with adjacent, morphologically normal growth plate cartilage areas (Table 4) , it was found that there was a significant increase in the width of the columnar cartilage zone. The columnar zone was divided into a proliferating cartilage zone and a maturing (hypertrophic) cartilage zone. There was little difference in the zone width of proliferating cartilage cells, but there was a large increase in the width of the maturing cartilage cells. In zones with increased width of the ma- * Significant difference (P < 0.0003).
in design, error is same for lesion and nonlesion. turing cartilage, there was not a major difference in the size of the hypertrophic cells throughout the width of the lesion; and at the lesion tip, degenerating cells from lesion areas had a size similar to degenerate cells from nonlesion areas. Analysis of variance comparing lesion and nonlesion areas showed no interactions to be significant, implying that the differences were unaffected by diet and litter (time). Fluorescence microscopy showed that the uptake of tetracycline and xylenol orange during the formation of the primary spongiosa had been obliterated by metaphyseal bone modeling. Uptake of the .final two calcein bone labels was distinctly visible beneath the growth plate. Identification of calcein bone labels by fluorescence microscopy showed that lesion sites had several different labeling patterns. When the lesiofi was extremely small and occurred after administration of the final calcein label, the bone label extended across the metaphysis in a straight line below the triangular wedge of retarded endochondral ossification (Fig. 2) . In other instances, the lesion began development about the time of final calcein label administration. In such cases, the width of the wedge of retained cartilage coincided with the width between the growth-plate metaphyseal junction and the bone label. There was a break in the metaphyseal label line at the lesion site, or there was diminished labeling below the lesion (Fig.  3) . In other instances, the lesion occurred prior to the administration of the last label, and there was evidence of calcein uptake below the lesion and evidence of resorption of cartilage at the lesion site ( Fig. 4) . In some lesions, the morphology was more complicated areas of diminished labeling, reduced resorption, and normal resorption could be noted at a single site (Figs. 5, 6) . It was also apparent that the shape of the lesion changed between time of administration of the bone label and necropsy. In one case, a small triangular depression was noted in the calcein label, but no cartilage lesion was seen. This was interpreted to indicate resorption of previously retained cartilage.
In contrast to lesions of retarded endochondral ossification in the distal radial growth plate, lesions of disorderly endochondral ossification beneath articular cartilage of the left distal humerus and femur were characterized by necrosis of the retained cartilage. The longitudinal bone growth rate beneath articular cartilage was slower in the distal humeral site than it was in the distal femoral site ( Table 5 ). Longitudinal bone growth beneath both articular cartilage sites was considerably slower than that measured beneath the distal radial growth plate (Tables 2, 5). No significant main effects of diet and litter (time) or significant interactions were noted for the articular cartilage parameters. There was considerable variation in parameter values between individual animals. The calculated age of articular cartilage lesions (Table 6 ) showed that they had been present for a longer time than lesions beneath the radial growth plate. Calcification of the retained necrotic articular cartilage was minimal, and vessels penetrated the unmineralized cartilage in an irregular fashion ( Fig. 7) . Fluorescence of the final calcein label showed only slight resorption at the margins of the necrotic retained cartilage. Histochemistry indicated that the necrotic retained cartilage lost glycosaminoglycans, and in some instances the degenerated avascular cartilage zone became infiltrated with primitive mesenchymal cells (Fig. 8) . Cartilage above small retained necrotic cartilage lesions was transformed into a proliferative zone. Active cell division in this area was indicated by 3H-thymidine uptake by a number of cartilage cells, and sometimes cartilage cell nests (daughter cells) were in this region. Cell generation in the region was followed by cartilage cell hypertrophy, mineralization, and peripheral vascular invasion. This process sometimes separated necrotic cartilage lesions from normal appearing articular cartilage.
In addition to lesions of retained necrotic cartilage, other alterations were noted in the articular cartilage. There was considerable variability in articular cartilage staining with alcian blue. Sometimes staining was more or less uniform throughout the section; in other sections, however, the stain intensity was considerably diminished in the surface and/or middle zones. In other sections, lamellae of chondrocyte necrosis were present; these were areas within the reserve zone that ran parallel to the articular surface and were seen adjacent to cartilage canal vessels that appeared as if they were in the early phase of chondrification (Figs. 9, 10). Lamellar zones of chondrocyte necrosis were often difficult to detect by light microscopy because empty chondrocyte lacunae often were surrounded by a prominent territorial matrix that stained intensely with alcian blue. Because animals with lamellae of chondrocyte necrosis frequently had lesions of disorderly endochondral ossification, necrotic lamellae had an apparent underrepresentation in Table 6 . Disordered alignment or polarity of chondrocytes was noted in regions of chondrocyte necrosis and chondromalacia (Fig. 11) .
A total of 48 dew claws were examined from the two animal groups. There was a difference in bone size, articular cartilage thickness, and the occurrence of cartilage canals along the various sections. In general, car- Small lesion diminished label deposition at lesion tip (left); thin rim of label adjacent to lesion surface. Fig. 6 . Irregular distance between label and cartilage (arrowheads) illustrates unequal resorption of cartilage at the lesion site. tilage canals were not in phalangeal articular cartilage, but they were in sections of the distal metatarsals (or metacarpals). Eosinophilic streakss sometimes were associated with irregular polar arrangements of sur- rounding cartilage cells and with pale staining matrix which had a fibrillary quality. The streaks of matrix eosinophilia were most commonly seen at the midpoint of the distal metacarpal (metatarsal) growth plate. Cartilage alterations in the dew claws that were interpreted as representing an abnormality included one focal zone of chondrocyte necrosis (Fig. 12) and one small area of necrosis and disorderly endochondral ossification. Such changes were exclusively seen in the distal metacarpal (metatarsal).
Discussion
Osteochondrosis (OCD) is a disease of multifactorial etiology. Known causes include sickle cell disease, Gaucher's disease, steroid excess, and metabolic or traumatic disturbances.16 Evidence has been presented that copper deficiency in foals causes gross lesions of OCD in this species.' Osteochondrosis has been defined as an idiopathic condition characterized by disordered endochondral ossification, including both chondrogenesis and osteogenesis, that develops in a formerly normal growth mechanism.I6 The spontaneous disease in swine meets this definition, but the present studies alter and extend present concepts with regard to pathogenesis. Because of the high prevalence of the natural disease, swine represent an excellent animal model to study the cause of this condition.
Nutritional effects
When weanling swine were fed the 12% protein diet, animals were smaller and longitudinal bone growth of the distal radius was significantly slower than animals fed the 16% protein diet. There were no differences in the growth plate width or the proliferating cartilage width, but there was a significant reduction in the daily rate of cell production in the proliferative zone of animals fed the 12% protein diet. These findings are consistent with the hypothesis that the size of the proliferative zone in a specific growth center is programmed at birth and that factors which uniformly affect all growth centers act primarily on the cell division rate.' The effect of diet on the radial growth plate was similar to that observed in growth plates of rats following hypophysectomy. l 9 Injection of growth hormone has been shown to be required in order to restore expected weights of dietary growth-retarded weanling rats. 2 Although the morphologic data cannot be evaluated statistically, the high incidence of articular and growth plate cartilage alterations in the examined swine ( Table  3) suggests that reduction in the rate of weight gain and the longitudinal bone growth had little effect on the development of OCD lesions. This may be related to the fact that no dietary effect on the rate of expansion of the epiphysis at the articular cartilage-epiphyseal junction of the distal femur or humerus could be detected. In addition, diet did not cause differences in the widths of articular cartilage zones. The large variation observed in articular cartilage zone widths was unrelated to diet or litter and appeared to be an individual animal characteristic.
Growth plate lesions
Focal areas of retarded endochondral ossification in the radial growth plate were frequently associated with small growth plate infractions that usually ran perpendicular to the direction of the growth plate. It is not possible to state conclusively whether these growth plate infractions were the cause or effect of the cartilage abnormality, but the high frequency of occurrence might suggest a causal relationship. Lesions within the radial growth plate had a tendency to occur at the edge or periphery where the reserve cartilage zone was the thickest. This was thought to be responsible for the nonsignificant trend for the reserve zone to appear thicker at lesion sites.
Increased mature cartilage width was considered to be due to a transitory inhibition of mineralization and resorption. This conclusion was supported by morphologic observations of fluorescent bone labels within the metaphysis which demonstrated a diminution or lack of mineralization at some lesion sites. This was a transient effect because the majority of lesions were undergoing mineralization and resorption at the time of label administration. The rate of resorption at some lesion sites was similar to that observed in the adjacent normal growth plate. The width of the maturing cartilage zone could be influenced by the rate of hypertrophy of the maturing cells, the level within the mature cartilage where calcification of the matrix takes place, or the rate of resorption of the mature cartilage zone. The size of the mature cartilage cells within lesion sites did not differ significantly from the degenerative cell size in nonlesion areas. Therefore, it was concluded that the increased width of the mature cartilage zone did not result from a change in the rate of cell expansion of hypertrophic cartilage cells. Microangiographic studies of the growth plate did not indicate abnormal vessel distribution within the metaphysis. 22 Histologylo and ultra~tructure~ of the growth plate lesions have features that are similar to those of rickets. Mineralization failure, however, was transient and focal and was not due to a metabolic abnormality which caused a generalized mineralization defect. Ultrastructural studies of growth plate lesions3 showed a highly condensed matrix with an accumulation of large, irregularly shaped deposits of electron-dense material within the pericellular matrix. Matrix vesicles within lesion areas were considered to be morphologically normal. Since it was not possible to determine from static ultrastructural observations the resorption of the lesion, it is difficult to determine which morphological characteristics were associated with the transient failure of cartilage mineralization.
Since active resorption was occurring at lesion sites, the age of lesions in the distal radius estimated by longitudinal bone growth (Table 6 ) represented a minimum value. The age of the lesions and the fact that most were undergoing resorption meant that the majority of the focal growth plate lesions were of little consequence to the animal. Many of the lesions were of a simple nature and were small; some were larger and had a more complicated morphology. Transient failure of calcification of mature cartilage and interruption in the process of endochondral ossification was associated with areas of trabecular microfractures. It is conceivable that with large or multiple lesions, as may occur in the distal ulna, weakness of the metaphysis, trabecular microfractures, and hemorrhage could interrupt regional vascularity. Thus, metaphyseal infractions could further inhibit the process of endochondral ossification in the region.
Articular cartilage lesions
Because of the slow rate of expansion of the secondary ossification center of the epiphysis, the small areas of retained articular cartilage had been present for a longer time than lesions of comparable size within the distal radial growth plate ( Table 6 ). One lesion was calculated to have been present for 3 1 days. The pathogenesis of retained articular cartilage differed from growth plate lesions. The initial articular lesion was considered to be a focal area of chondrocyte necrosis within the articular growth cartilage zone. Chondrocyte necrosis led to matrix lysis and failure to mineralize properly. As the bone end continued to expand, normal endochondral ossification and cartilage resorption of surrounding tissue left behind the necrotic cartilage wedge. In spite of incomplete mineralization of necrotic cartilage, vessels could penetrate the abnormal cartilage to some degree; and mesenchymal cells eventually infiltrated the abnormal cartilage matrix in some instances. Proliferation of cartilage cells was seen within the reserve zone above small areas of retained cartilage, and cell division was followed by normal cartilage cell maturation, mineralization of matrix, and peripheral penetration by epiphyseal vessels. Thus, normal endochondral ossification took place above necrotic retained cartilage, and the small areas of necrotic cartilage became isolated. These morphologic observations confirmed the findings of others5 that small lesions could heal and are probably of no major consequence to the animal.
Others have designated articular cartilage lesions as zones of chondrolysis because there is loss of cellular enzymatic activity and matrix component^.^ It is important to note that these zones actually represent areas of chondrocyte necrosis. Chondrocyte necrosis was considered to precede major alterations in the matrix because necrotic lamellae within the articular cartilage reserve zone were present where degenerate cartilage cells were surrounded by abundant quantities of territorial matrix that was intensely stained by alcian blue. Such necrotic cartilage lamellae were frequently associated with empty spaces or focal areas of matrix degeneration that appeared similar to cartilage canals in the initial process of chondrification. However, adjacent to some necrotic zones, cartilage canals contained vessels that appeared morphologically normal by light microscopy. The finding that cartilage cells and empty lacunae at articular cartilage lesion sites had an unusual alignment or polarity was interpreted due to shear forces. Such changes could result because increased mechanical stresses and strains were applied to the bone end or because there was some inherent weakness in the joint cartilage.
Dew claw lesions
Since very few lesions were found in the distal metacarpal (or metatarsal) of the dew claws, a nonweightbearing zone, this indicated that mechanical loads associated with ambulation probably played a major role in lesion pathogenesis and morphology.
General
It was demonstrated that the pathogenesis of focal areas of disorderly endochondral ossification adjacent to growth plate and adjacent to articular cartilage were different. Neither lesion appeared to be caused by an abnormality in the ossification process per se. Although the pathogenesis of the two lesions differed, endogenous trauma may represent the underlying cause in each case, the growth plate lesions being associated with small growth plate infractions and articular cartilage lesions being induced by traumatic injury to chondrocytes. All animals examined were considered to have microscopic cartilage changes to some degree, but the less severe alteration could be related to initial stages of cartilage canal chondrification. The fact that more microscopic lesions were found than would be expected to develop into gross lesions plus evidence that small foci of delayed endochondral ossification heal would support the concept that additional articular cartilage alterations must account for cartilage dissection and the formation of the typical gross lesion of a cartilage flap. It is likely that the lamellae of necrosis in the articular cartilage reserve zone represents the fundamental change that leads to matrix degradation and cartilage dissection. Lamellae of necrotic chondrocytes appeared to be associated with abnormal cartilage canal vessels. It is possible that traumatic injury causes vascular damage, and ischemia further augments cartilage necrosis. Although endogenous trauma and cartilage ischemia may play an important role in lesion pathogenesis, these factors may not necessarily represent the primary cause of the disease. There could be an abnormality that causes the cartilage to have reduced biomechanical properties such that trivial trauma associated with ambulation induces cartilage necrosis. Biochemical differences from normal cartilage matrix have been found in swine OCD. 13J7 Since studies were conducted in animals with late lesions, it is not possible to state whether the observed differences were the cause or the result of the disease. 
